The effect of sintering temperature on the electrochemical property of LiMn2O4 was investigated. Results showed that the particle size was increased at higher sintering temperatures while the initial capacity was decreased after high temperature sintering. Capacity fading, on the other hand, was suppressed at lower sintering temperatures since the sintering at higher temperatures (≥ 800 o C) increased the Mn ions with a lower oxidation state (Mn +3 ), which induced structural instability during cycling due to dissolution of Mn ions into the electrolyte. In particular, LiMn2O4 sintered above 830 o C showed severe capacity fading (capacity loss was 38% of initial capacity) by lower coulombic efficiency due to the abnormally increased particle size.
Introduction
The lithium secondary battery in a portable electronic device has attracted major attention as a key component since its commercial application two decades ago. This is because the recyclable power source can determine the size, shape, weight, function and life span of portable devices. In addition, lithium secondary batteries have drew more attention after the commercialization of the electric vehicles powered by rechargeable batteries. A large amount of research and development efforts have been devoted to improve the lithium based secondary batteries concerning the capacity, sustainability, safety, eco-friendliness, and cost reduction.
In the development of rechargeable batteries, considerable effort has been given to improve the electrochemical properties of the cathode because it plays a key role in determining the above mentioned requirements. Currently, the cathodes used in commercial lithium secondary batteries are based on LiCoO 2 , even though it suffers from high material cost, toxicity of cobalt, and microcracks caused by the volume change during the charge-discharge cycles. As an alternative, LiMn 2 O 4 with a spinel structure has been considered as a next generation rechargeable battery.
1 This is because LiMn 2 O 4 shows good safety and high discharge voltage in addition to its non-toxicity and low cost. [2] [3] [4] On the other hand, LiMn 2 O 4 shows rapid capacity fading during cycling and the early capacity loss makes the large scale commercial development difficult. The main causes of the early capacity fade are associated with the oxygen deficiency of LiMn 2 O 4 crystals, 5 structural transformation with Jahn-Teller distortion near 3.2 V during cycling, 6 and Mn dissolution due to the reactive electrolyte.
7
In particular, the oxygen deficiency in LiMn 2 O 4 is known to aggravate the electrochemical properties more when the particle is heat treated at high temperatures.
8 It induces a change in the mean charge state of the Mn ion, alters the lattice parameter, and deteriorates the electrical properties.
9,10
On the other hand, Mn dissolution reduces the amount of active materials after a reaction with the electrolyte, which is represented by the Hunter's reaction
The proton in the chemical reaction is supplied as a byproduct of the chemical reaction of LiPF 6 in the electrolyte and water molecules, and Mn
+2
ions are produced from the reaction; 2Mn +3 = Mn +2 + Mn
+4
. The λ-MnO 2 phase in the reaction is electrochemically inert because the protons are bound strongly by the oxygen ions around the Mn vacancy in a 16d position. Another kinetic barrier for Li ion diffusion is the presence of a solid electrolyte interface (SEI) on the LiMn 2 O 4 particle surface, which is produced by the reaction of LiMn 2 O 4 and the electrolyte. 12, 13 The large contact surface between the active particles and electrolyte decreases the capacity retention due to Mn dissolution.
14,15
The heat treatment temperature also plays a key role in the electrochemical properties of LiMn 2 O 4 . This is because the heat treatment temperature affects the particle surface area, morphology, size distribution, and the oxygen deficiency, 5 which is known to decrease the cycle performance, 8 whereas its effect on the initial capacity is not significant. 16 Therefore, the optimum heat treatment temperature is important to achieve the best electrochemical performance of LiMn 2 O 4 .
In this study, the effect of sintering temperature on the electrochemical performance was investigated. The kinetics of particle growth was studied to determine the grain growth mechanisms at the different temperature ranges. In particular, the causes of capacity fading were analyzed by examining the particle size, dissolution of the Mn ions, and lattice parameters. Table 1 ). The battery sample was produced first by casting a slurry (active material: acetylene black: polyvinylidene difluoride = 85:10:5 wt %) onto Al foil. The slurry was then dried to produce a cathode and was assembled with an electrolyte (ethylene carbonate: dimethyl carbonate: ethylmethyl carbonate = 1:1:1 vol % with 1M LiPF 6 ) and a Li metal anode to produce coin cell batteries.
Experimental
Analysis. The crystal of LiMn 2 O 4 was examined by X-ray diffraction (Rigaku D/MAX-2500V/PC, Cu Kα, 40 kV, 50 mA). The grain size of the particle was obtained from the full width at half maximum (FWHM) of 7 high intensity peaks using Scherrer's formula. The mean particle size was also measured by scanning electron microscopy (SEM, Hitachi S-4300, Japan) by randomly selecting 100 particles using an image analyzer. The surface area of the particle was obtained by Brunauer-Emmett-Teller (BET, ASAP2010) analysis. The electrochemical performance of the coin cell was evaluated using a battery cycler (Maccor4000, Maccor) in the range of 3.5-4.5 V at 0.5 C for 50 cycles.
Results and Discussion
Structure and Morphology. The microstructure of LiMn 2 O 4 produced by the heat treatment at different temperatures was examined by X-ray diffraction (Fig. 1 ). The figure shows that the LiMn 2 O 4 produced at 600 o C contains a secondary phase, such as Mn 2 O 3 and a fully crystallized spinel structure was achieved when the heat treatment was performed at temperatures higher than 600 o C. The mean grain size, calculated using Scherrer's formula, increased with increasing temperature (Table 2) . A similar result was reported by Hwang et al., who showed a comparable grain size after heat treatment at 800 o C.
17
The particle morphology was also examined by SEM. Figure 2 shows SEM images of the heat treated particles produced at different temperatures. The particles were faceted and the size distribution was wider when they were produced at high temperatures. The mean particle size in the SEM images was calculated from 100 particles using an image analyzer ( Table 2 ). The particle size increased with increasing sintering temperature. On the other hand, the particle size estimated from the SEM images were much larger than the sizes calculated from the Scherrer's formula, suggesting that the particles were polycrystals after the heat treatment.
3
The abrupt increase in particle size at high temperatures was examined by plotting Arrhenius type curves because the particle size is determined mainly by a diffusional kinetic process (Fig. 3) . From the relationship between grain growth and temperature, 18 the grain size (D) after heat treatment was presented using the following equation (Eq. 1); (
where Q is the activation energy associated with the particle growth process and D o is the initial size of the particle. Calculated from the slopes in Figure 3 , the activation energies at the low temperature and high temperature ranges were 35 kJ/mole and 169 kJ/mole, respectively, and the transition temperature was approximately 800 o C. This suggests that the particle growth mechanism is different when the heat treatment is performed at different temperatures. The high activation energy associated with the high temperature process is attributed to bulk diffusion, whereas at low temperatures, grain growth is dominated by surface diffusion.
19-22
The specific surface area of the particle was obtained by BET measurements. A large specific surface area was obtained from the smaller particles ( Table 2 ). The specific surface area is an important parameter in determining the electrochemical properties of LiMn 2 O 4 because the particle surface is a gateway for Li ion transfer during the charge-discharge cycles and for Mn dissolution.
23,24
Electrochemical Properties. The performance of the LiMn 2 O 4 particles sintered at different temperatures was examined by repeating the charge-discharge cycles 50 times in the range of 3.5-4.5 V at 0.5 C at room temperature. The initial capacity and capacity fading were strongly affected by the sintering temperature, as shown in Figure 4 . The initial capacity of LiMn 2 O 4 particles sintered at the lowest temperature was 115 mAh/g, whereas the LiMn 2 O 4 particles sintered at the highest temperature showed only 81 mAh/g. The higher initial capacity of the LiMn 2 O 4 sintered at lower temperature in Table 3 was attributed to the increased surface area contacted with the electrolyte. Jang et al.
23
reported similar results showing better discharge capacity from small and uniform particles. Momchiov et al. 24 also reported that the heat treatment temperature changed the total surface area of the particles and affected the electrochemical properties of LiMn 2 O 4 . The extent of particle agglomeration, which interrupted the surface contact with electrolyte, was examined by cleaning the cathode after cycle tests using dimethyl carbonate. Figure 5 shows SEM images obtained from the cathode surface containing LiMn 2 O 4 particles sintered at different temperatures. In the case of small LiMn 2 O 4 particles, the active materials were distributed homogeneously and well mixed with acetylene black, whereas the large LiMn 2 O 4 particles were agglomerat- ed and poorly mixed with acetylene black. These results suggest that the initial capacity of the large LiMn 2 O 4 particles is inferior to that of small ones because of the smaller effective area, lower electrical conductivity of electrode, and longer diffusion path of Li ion.
3
The capacity retention after 50 cycles was also affected by the sintering temperature, showing approximately 83% capacity retention after 50 cycles in the case of using LMO700. On the other hand, LMO870 retained only 62% after 50 cycles, indicating that much better fade resistance can be achieved by lower temperature sintering. The differential capacity (dQ/dV) was plotted as a function of the cell potential (V) to compare redox potentials from different particle sizes (Fig. 6 ). The peak difference in the figure, which was the sum of the differences from the two peaks observed during charge and discharge, indicates the amount of the polarization built up during a cycle test. The redox peaks were found near 4 V and 4.15 V and the difference in the redox peaks of LMO870 obtained from the 50 th cycle was significantly larger than that of LMO700, suggesting that higher polarization was obtained by sintering at higher temperatures. Table 3 summarizes the charge-discharge characteristics obtained from the LiMn 2 O 4 particles produced at different heat treatment temperatures.
To examine the main causes of the capacity fade of the particles sintered at higher temperatures, the relationship between the effective surface area of the particles and Mn dissolution was investigated by comparing the thermal decomposition of the SEI layers on the particles after impregnating them in the electrolyte at 80 o C for 5 days. This is because the capacity retention of LiMn 2 O 4 can be affected by the amount of Mn dissolution.
1,25 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to compare the SEI layers produced on the particle surface during impregnation. 26 On the other hand, two other peaks at higher temperature ranges indicated the thermal decomposition of the reaction product on the particle surface. The solid electrolyte interface (SEI) on the particle surface was produced by a chemical reaction of the electrolyte with the LiMn 2 O 4 particles and was decomposed at elevated temperatures.
27 Peak 2 in Figure 7 (a) was produced by the exothermic decomposition of SEI and was accompanied by approximately 30% weight reduction, whereas only 5% of the weight reduction was observed in peak 3. Table 4 compares the amount of heat flow during DSC analysis. Large specific surface area results in more large contact area with electrolyte. The integrated peak area from peak 2 and peak 3 describes the amount of SEI on the particle surface since the heat flow is due to thermal decomposition of the SEI. The table shows that the amount of heat flow from LMO870 is much smaller than that of LMO800, which agrees well with the relatively small specific surface area. On the other hand, the results from the room temperature charge-discharge experiments in Table 3 indicate that the capacity retention of the smaller particles is better than larger particles, suggesting that the factors other than the surface area play important roles in determining the capacity retention. One of the possible causes for this contradictory finding appears to be the difference in the relative amount of Mn ions (Mn
) in the LiMn 2 O 4 particles when produced at different temperatures. 10 To investigate the oxidation state of Mn ions in the LiMn 2 O 4 particles, the lattice parameter of LMO700, LMO 800, LMO 830, and LMO870 was calculated from the XRD data ( Table 2 ). The lattice parameter tended to increase at higher temperatures, whereas the lattice parameters from the particles produced at > 800 o C did not change considerably with the heat treatment temperature. Similar results were reported by other researchers.
8,28
The increase in the lattice parameters of LiMn 2 O 4 particles produced at high temperatures is associated with oxygen vacancies in the lattice.
8 This is because the number of oxygen vacancies increases with increasing the heat treatment temperature, accompanied by a decrease in the average oxidation state of the Mn ions. To confirm Mn dissolution of the LiMn 2 O 4 particles produced at high temperatures, the XRD patterns were compared after 50 charge-discharge tests (Fig. 8) . The figure shows lower and broader intensity peaks near (331), (511), (440) and (531) planes from the particles produced at higher temperatures. This is consistent with the XRD data obtained after Mn dissolution by impregnating the cathode with the electrolyte 13 and is similar to the XRD pattern when Li ions are introduced into Mn vacancies in the 16d position in the lattice.
6 Figure 8 also shows the XRD peaks corresponding to λ-MnO 2 when the charge-discharge tests were carried out using LiMn 2 O 4 particles produced at high temperatures, 31 indicating that an irreversible structural change takes place in the lattice after Mn dissolution.
However, the XRD patterns from LMO830 and LMO870 in Figure 8 were similar and the lattice parameters of the LiMn 2 O 4 particles sintered at the tempreature higher than 800 o C were similar (Table 2 . LMO800, LMO830, LMO870). These results indicate that the lower capacity retention of LMO830 and LMO870 is attributed to the other factors in addition to Mn dissolution. To investigate this observation, the coulombic efficiency of LMO700, LMO800, LMO870 was examined (Fig. 9) . The figure shows that the coulombic efficiency of LMO700 and LMO800 were about 99% after 25 cycles, while that of LMO870 was 98% after 15 cycles with much lower coulombic efficiency at earlier cycles. The reduction of coulombic efficiency of LMO870 is attributed to the significantly increased particle size (Table  2 , Fig. 5 ), causing inhomogeneous mixing with carbon conductors and reduction of the specific surface area. This is consistent with the previous results by Lu et al. 32 They reported that a large particle size reduced the specific surface area and coulombic efficiency, simultaneously. Only one percentage difference in coulombic efficiency can change capacity retention significantly, because the capacity retention is exponentially proportional to the coulombic efficiency (Eq. 2).
Capacity retention ∝ Q N (2) Q: coulombic efficiency, N: number of cycle
Conclusions
The sintering temperature effect of LiMn 2 O 4 on the electrochemical property was examined by changing the heat treatment temperature and the results are summarized as follows;
(1) The particle size increased when heat treatment was performed at higher temperatures. The particles were coarsened significantly at the temperatures higher than 800 o C and large particles exhibited a broad size distribution and agglomeration.
(2) The LiMn 2 O 4 particles produced at elevated temperatures showed low initial capacity, which was caused by particle coarsening, inhomogeneous mixing with the conductor, and reduced contact area with the electrolyte.
(3) Capacity retention during the cycle test was decreased in the case of the larger LiMn 2 O 4 particles produced at higher heat treatment temperatures. Contact area with electrolyte was not a main factor for capacity fading, when electrically cycled at room temperature. 
